Introduction
The solid oxide fuel cell ͑SOFC͒ has the distinct advantages of high energy conversion efficiency, low environmental impact, and flexibility of usable fuel types. The high-temperature exhaust gases of the SOFC stack makes it suitable to integrate with a heat engine, such as a gas turbine. The power system based on such a cycle is expected to achieve a higher efficiency and increased power output due to the higher thermal utilization ͓1,2͔.
One important challenge for SOFC/GT hybrid systems is to design control strategies for the system operating under different working conditions, especially for the part-load operation. It is important to ensure system stability and performance as well as equipment protection for maximum service life. Several authors, with different detail levels of description, have developed and simulated a SOFC model in the past couple of years to study the part-load operation and control strategies. Most models are nondimensional models ͓3,4͔ and cannot predict the temperature and current density profiles inside the cell. Pålsson and Selimovic ͓5͔ studied the part-load behavior of a simple nondimensional SOFC cycle by varying the shaft speed and keeping fuel utilization ͑FU͒ constant. Kimijima and Kasagi ͓6͔ developed a two-dimensional planar SOFC model for part-load analysis. Besides keeping the turbine inlet temperature ͑TIT͒ constant and varying the shaft speed, they used an air heater/cooler prior to the SOFC to adjust air inlet temperatures at the part-load operation. Stiller et al. ͓7͔ and Thorud et al. ͓8͔ presented a dynamic model for control of the integrated SOFC and turbine systems, showing that the power supplied by the SOFC system can be controlled by manipulating the fuel. In another work by Aguiar et al. ͓9͔ , the temperature control of a stack level SOFC model was proposed. Those above mentioned models emphasize the use of process control to enhance the reliability of SOFC.
In this paper, a dynamic SOFC/GT hybrid cycle, based on the thermodynamic modeling of system components, has been developed in the virtual test bed ͑VTB͒ simulation environment ͓10,11͔. The one-dimensional tubular SOFC model is based on the electrochemical and thermal modeling, accounting for voltage losses and temperature dynamics.
This work is aimed at investigating the control strategies for start-up and part-load operating conditions of the SOFC/GT hybrid system. The main control objective for the part-load operation is to maintain constant fuel utilization and a fairly constant SOFC temperature within a small range. Important control parameters, such as cell mean temperature, fuel flow rate, air flow rate, current density, rotational speed of gas turbine, steam carbon ͑S/C͒ ratio, and TIT, are introduced and discussed, followed by detailed control strategies and methods. Several feedback control layouts are introduced. Then the response of the controlled system to the load changes is studied.
The remainder of this paper is organized as follows. The models' description is detailed in Sec. 2. In Sec. 3, the system configurations, operating conditions, and important assumptions of the SOFC stack are provided. The control variables and strategies are designed and discussed in detail in Sec. 4. The steady state simulation results analysis and part-load behavior investigation are presented in Sec. 5. Conclusions are finally made in Sec. 6.
Model Development
The mathematical description and development of main component models, such as the SOFC ͓12͔, gas turbine, and compressor, are provided in detail as follows. Mass and energy conservation are included in the model development. Important variables such as temperature, pressure, mass flow rate, and species component fraction are also considered in each component model. All the component models are independent entities. The system is built by connecting the component needed in the VTB platform.
Fuel Cell.
A one-dimensional dynamic model of a tubular SOFC with internal reforming, complying with the discussed characteristics and capable of system integration, is presented ͓13͔. This model, based on the electrical quantities, chemical reaction equilibrium, and energy balance, can predict the SOFC characteristics at the steady states and also at transient operating states. where ẋ, ẏ, and ż are the conversion rates of CH 4 , CO, and H 2 , respectively. ⌬h r , ⌬h s , and ⌬h ec stand for reaction heat of reforming, shifting reaction, and electrochemical reaction, respectively. The reforming reaction is a highly endothermic reaction. The conversion rate ẋ is assumed to be controlled by a conversion rate per unit area of the cell, which is named ṙ CH 4 given by Achenbach ͓14͔,
Electrochemical
where k is the pre-exponential factor with a value of 4274, E is the activation energy of 82 kJ/mol, and p CH 4 is the partial pressure of methane. Hydrogen conversion rate is directly related to the current, by Faraday's law,
The fuel utilization coefficient U f is given by
The cell electrical power is calculated as the product of the cell current and the cell electrode voltage. The voltage evaluation is carried out based on the knowledge of the cell potential from the Nernst equation
where p terms are the partial pressures of reacting species, R is the universal gas constant, and F is the Faraday constant. The change in Gibbs free energy ⌬G 0 is the function of temperature and can be described as a polynomial equation.
The Nernst potential is reduced due to the following irreversible losses:
1. concentration loss conc ͑in volts͒ 2. activation loss act ͑in volts͒ 3. Ohmic resistance loss Ohm ͑in volts͒ Therefore the actual voltage can be expressed as
͑1͒ The concentration loss is calculated as follows ͓15,16͔:
where i is the cell current, i L is the limiting current, and n is the number of electrons participating in the reaction. ͑2͒ The activation loss occurs when the rate of electrochemical reaction at an electrode surface is controlled by sluggish electrode kinetics ͓17,18͔, which is shown as follows:
where ␣ is the electron transfer coefficient of the reaction at the electrode and i 0 is the exchange current density, which is a function of stack temperature. Figure 1 shows the schematic configuration of a single tubular fuel cell with discretized axial elements used for heat transfer calculations. The heat released from chemical reaction and electrical resistance loss is absorbed by the solid, where it is further transferred to the fuel and air steam. The air entering from the air feed tube is preheated by the air in reaction. For the thermal model the following assumptions are made:
1. Heat release and absorption arising from reforming, shifting, electrochemical reactions, and electrical resistance occur within the solid part of each cell. 2. Heat transfer between the solid and the gas steams occur by convection heat transfer. Radiation heat transfer between solid part and gas steams is not considered here. This is because the radiation exchange between the gas and solid was found to be negligible compared with the convective transport. 3. The axial conduction heat transfer between nodes is neglected. 4. The cell voltage at each element is uniform.
As seen in Fig. 1 , the cell is divided into elements along the flow direction. The temperature gradient of gas steams in the flow direction is assumed to depend only on the convection heat transfer between the channel walls and the gas stream. For each element, as shown in Fig. 2 , there are four control volumes: fuel, solid, reaction air, and preheated air. Four different temperatures T f , T s , T ar , and T ap , corresponding to the temperatures of fuel, solid, air in reaction and preheated air, respectively, are considered within any element of each cell under the assumption of uniform temperature within each of the control volume.
For the solid control volume, the energy equation is given as
where Q gen is the total internal heat generation, Q f and Q ar are convection heat transfers to fuel and reaction air, respectively, W is the electrical power produced by the SOFC stack, and M s is the mass of solid control volume. The total heat generation Q gen accounting for the reactions ͑shifting, reforming, and electrochemical͒ and resistance to current is given by
The electrical power is calculated as the product of current and voltage
The convection heat transfers Q f and Q ar can be calculated by
The heat transfer coefficients ␣ f and ␣ ar are given by the Nusselt expression
where the Nusselt number is set to 4 according to Rokni and Yuan ͓20͔, k c is the conductivity of the gas, and D h is the hydraulic diameter.
The validity of the numerical scheme used for calculating the instantaneous temperature in the gas control volume is based on a small simulation time step. For a small simulation time step ͑0.0001 s͒, the originally simultaneous process of the flow of the stream flowing and the transfer of heat can be assumed to be two separate processes, one preceding the other:
͑1͒ First, stream flows along the axial direction, as seen in Fig. 3, at a given time step some gas flows into the control volume, while an amount of gas flows out into the next element. We assume each of the control volumes to be well mixed ͑this is a valid assumption for a small control volume͒; we can now calculate an average temperature using an energy balance. This process can be described in Fig. 3 . The resulting conservation of energy equation is given by
where T in , T ori , and T ave are temperatures of entering stream, exiting stream, and the well mixed control volume, respectively. ṅ is the molar flow rate, ⌬t is the simulation time step, and m is the mole number of control volume. ͑2͒ Heat transfer occurs after the mixing. The energy equations for gaseous control volumes can be calculated by
The SOFC stack efficiency is given by Eq. ͑25͒, where W is the electric power. LHV is the lower heating value of the inlet fuel,
2.2 Compressor. Energy transfer is mainly considered in developing the compressor characteristic. The fluid enters the compressor rotor at the inlet with a uniform velocity and leaves at another radius with a uniform velocity. The change in momentum of the fluid is derived from the work done by the rotating rotor, which is driven by an externally applied torque. The compressor ͓12͔ characteristic equations can be described as follows:
presents the momentum torque equation. The difference between the external drive torque t and the compressor torque c is expected to accelerate the rotor. Compressor torque comes from the changing of the fluid momentum. Equation ͑27͒ comes from Euler's pump equation, where ṁ is the mass flow rate of the compressor. The specific enthalpy ⌬h ideal , not including losses, delivered to the fluid should be equal to the power delivered to the fluid W c .
Equation ͑28͒ is derived from isentropic compression relations between pressure and temperature. Various kinds of losses are considered in determining the efficiency i ͑ṁ , U͒, which is a function of the mass flow rate and rotational speed.
Equation ͑29͒ further specifies the specific enthalpy ⌬h ideal , where we assume that there are no stationary prewhirl vanes and that air approaching the impeller does not have a tangential component of velocity. is called the slip factor, which is the ratio between the outlet tangential velocity of the fluid C 2 and the outlet tangential velocity of the impeller U 2 .
2.3 Gas Turbine. Thermodynamic relations and energy transfer are mainly considered for an accurate prediction of the turbine characteristics. From Euler's pump equation, the specific enthalpy coming from the fluid should be equal to the power delivered to the outer device, i.e., compressor or generator,
2.4 Other Components. Additional important equipments necessary for operating the hybrid-fuel cell system include external reformer, heat exchanger, valve, intercooler, combustor, thermal sink, and controller. All of them have been mathematically modeled and simulated in the VTB platform. The detailed modeling information can be found in Ref. ͓21͔. Figure 4 illustrates the detailed configurations of the SOFC/GT hybrid system implemented in the VTB computational environment. To obtain 1-15 bar air pressures, a two-compressor design is chosen to satisfy the operation condition. To achieve higher compression efficiency, an intercooler is applied to cool down the inlet air temperature of the second compressor. The compressed air is preheated by a heat exchanger prior to being channeled to the cathode of the fuel cell. The methane-stream mixture is supplied to the external reformer before being delivered to the anode of the SOFC stack. In the SOFC stack, electrical energy is produced associated with the heat generation out of the reactions taking place at the electrodes. Hydrogen diffuses through the anode and reacts with oxygen ions. Meanwhile, oxygen diffuses through the cathode with free electrons being absorbed. The produced electrical energy is then supplied to an electrical load. Under the assumption of adiabaticity, the heat generated from the SOFC electrochemical reaction and SOFC internal resistance is partly used to reform the fuel and partly used to heat up the gases. Transactions of the ASME For further energy extraction, unreacted high-temperature gases are channeled to the combustor for a complete combustion there. In this system, part of the methane is directly channeled to the combustor and mixed with the exit gas from the SOFC stack to control the combustion temperature. Then the exhaust gas expands through the two shaft gas turbines whereby mechanical power is generated. The power generated by the first gas turbine is fully consumed by the compressors. Subsequent gas expansion through the power turbine produces additional mechanical power for electrical power generation. The exhaust gas from the power turbine passes through three heat exchangers and a heat recovery steam generator ͑HRSG͒ for regeneration. HRSG is used here to generate the steam for reforming. The mixture of steam and preheated methane is further heated for maximum utilization of the residual heat by a heat exchanger before entering the external reformer. A controller is added for the system control, which includes fuel flow control, air flow control, load control, and TIT control. The detailed cycle operation conditions are listed in Table 1 . The SOFC/GT system is simulated under the following important assumptions:
System Configuration
1. There is a one-dimensional behavior along the SOFC stream direction. 2. All exterior walls of SOFCs are adiabatic. Also, there is no axial heat exchange between cells. 3. Gas distribution among SOFCs is uniform. There is no deviation in the gas distribution among cells. 4. There is a complete combustion of the residual species from the SOFC stack and the injected methane in the combustor. 5. There is no gas leakage outside of the system. 6. No gas phase reactions occur. 7. All gases are assumed to be ideal gases.
Control Strategies
In this research, start-up and part-load operation conditions are employed to investigate the control strategies of the SOFC/GT hybrid cycle. For the start-up control, one start-up motor is introduced to ensure the system operation at the beginning of simulation. The main objective of part-load control is to maintain constant fuel utilization and a fairly constant SOFC temperature within a small range under the part-load working condition. This goal can be realized by adjusting the control variables such as the rotational speed of shaft, air flow rate, and fuel flow rate. Several control cycles and one controller are designed to realize these control strategies. The other control strategies are to maintain the TIT and S/C ratio at a specific value for the system stability. The detailed control strategies will be presented below.
Start-Up
Control. An external electric motor is introduced here to supply adequate torque for the compressors and gas turbine at the beginning of system operation. This motor is connected to the compressor shaft by a connector, by which the torque is transferred to the two compressors and the driving gas turbine. When the rotational speed of shaft reaches a specific value, say, 2500 rad/s, the connector will be turned off automatically. After that, the compressors will be powered by gas turbine only. The setpoint value of rotational speed can be changed by the user as needed.
Load Control.
The electrical power produced by SOFC and power turbine will be supplied to two electrical loads. For simplicity, we use two resistors as the loads. In order to investigate the part-load operation, the load connected to the SOFC will be increased to match the part-load operation condition. It must be noted that the change in load is not a step change but a linear change to obtain a stable and smooth operation. An external controller is introduced to adjust when and how big the load will be changed.
Fuel Utilization Control.
The fuel utilization ͑U f ͒ depends on the SOFC current and fuel flow. It is important to maintain U f in a certain bound. A low U f leads to high TIT and therewith the risk of compressor surges. On the other hand, a high U f leads to steep internal temperature gradients inside the cell, and therewith thermal cracking occurs. Therefore, a constant U f ͑85%͒ is set here by maintaining a constant ratio of current to fuel flow. It can be realized by manipulating the fuel flow rate. During the control process, the U f value will oscillate a little because of time delay and the action of the valve. When the system goes into steady state again, the U f will go back to the setpoint value.
Fuel Flow Rate Control.
Fuel flow rate is controlled by a control cycle and a valve. During the operation, the U f value is transferred to the controller. If the U f value is bigger than the setpoint value, which is 85%, a control signal will be sent to a fuel control valve. The opening of the valve will be enlarged to increase the fuel flow rate. On the other hand, in the case of a U f value smaller than the setpoint value, which is 85%, a control signal will be sent to a fuel control valve to decrease the fuel flow rate.
Temperature Control.
One main objective of control strategies is to maintain a fairly constant SOFC temperature. There are several negative effects of exceeding the maximum operating temperature of a cell, such as degraded fuel cell performance and fuel cell lifetime, induced thermal stress, and thermal fatigue on the cell component. The temperature control in this paper is to control the mean temperature of solid parts in SOFC. This is realized by adjusting the air flow rate of the system. The setpoint temperature is 1223 K under the rated operation condition. During the part-load operation, a small change is permitted because it is slow for the temperature to reach a new steady state.
Air Flow Rate Control.
The air flow rate can be controlled through the gas turbine system in various ways, such as variable compressor inlet guide vanes, variable compressor bleed, or variable shaft speed. Their effect on the system is very similar. Variable shaft speed is chosen in this research. The shaft speed is controllable through the power that is produced by the generator. A control cycle is designed for this purpose. The mean temperature of SOFC is supplied to the controller. If the temperature does not match the system requirement, a control signal will be sent to the load connected to the generator to adjust the value of the load. Accordingly, the power produced by the generator will also be affected. At last, the rotational speed of the compressor and the air mass flow rate will be changed. Due to the delay in the mechanical reaction, air flow rate control usually takes longer time compared with the fuel flow rate control.
TIT Control.
The TIT is controlled by two bypass cycles. If TIT is smaller than the system requirement, part of the fuel will be bypassed to the combustor directly before entering the SOFC to increase the TIT. If the TIT is larger than the system requirement, part of air will be bypassed to the combustor directly before entering the SOFC. In this research, only the fuel bypass cycle is considered, and the air bypass cycle will be done as the next-step work.
S/C Control.
The S/C ratio is controlled by two valves: fuel control valve and water control valve. By adjusting the initial openings of two valves, the S/C ratio can be controlled as the system required. During the part-load operation, the openings of these two valves will act synchronously to maintain a fixed S/C ratio.
Result Analysis
In this section, the control strategies of the hybrid power system are investigated via the following two cases:
• start-up • part-load operation All the following figures are obtained from VTB simulation result plotting directly, with the Y-axis representing the characteristic concerned while the X-axis standing for the time.
Steady State Operation
Results. Based on specific design points listed in Table 1 , the steady state operation results are summarized in Table 2 . The cycle simulation achieves a 67.7% total electrical efficiency ͑LHV͒ and an electrical power output of 863 kW, around 33% of which is produced by the power turbines. The mass flow rate of pressurized air supplied to the SOFC stack is 0.55 kg/s. The fuel mixture consists of 0.0254 kg/s methane and 0.072 kg/s steam. The single SOFC stack yields a 575 kW electrical power output at the conditions of 1223 K mean temperature, 0.553 V cell voltage, and 85% fuel utilization. The exhaust gas at the temperature of 366 K, after heat recovery, is channeled to a heat sink.
Start-Up Behavior.
As mentioned earlier, the system start-up is controlled by a voltage-driven motor. The start-up motor drives the compressors and gas turbine by a connecter at the beginning of system simulation. When the compressor rotational speed reaches a specific value, the connector is switched off from the compressor shaft, and the compressors are then driven by the connected gas turbine.
In this study, the start-up speed is set to 2500 rad/s. As shown in Fig. 5 , the rotational speed rises quickly at the beginning due to the actuation of the start-up motor. The rising velocity slows down once above 2500 rad/s, whereupon the compressor is only powered by the gas turbine. Other compressor related variables respond similarly. It is obvious that the compressor behavior will be affected severely, while the SOFC performance, such as cell voltage, will be affected slightly when the start-up control begins.
Part-Load Operation.
In order to investigate the partload operation, the load connected to the SOFC increased linearly at 150 s. It takes around 10 s for the load resistance to change from 5.31ϫ 10 7 to 8.5ϫ 10 7 . All system variables will be affected by this load change. Quantitative responses to the load change are described in Table 3 . Figure 6 shows the system power in response to a change in load resistance. The power produced by SOFC decreases because less fuel is supplied to maintain a constant UT. In order to ensure a relatively constant mean temperature in the fuel cell, less air flow rate will eventually result in less power generated by the generator. The total power provided by the hybrid system will decrease to 72% of the rated power output, i.e., from 860 kW to 621 kW.
U f is required to be kept at 0.85 in this simulation. When load resistance increases, cell current will decrease accordingly, leading to less fuel consumption inside the fuel cell. Less consumption of fuel results in the smaller U f . As shown in Fig. 7 , the minimum U f during this process is 0.841. The U f value will be sent to the controller, where a control signal will be sent to the fuel control valve to reduce the fuel flow rate. At last the U f goes back to setpoint 0.85 at around 160 s. Figure 8 shows the dynamic characteristic of the air flow rate after load resistance change. The fuel flow rate can be changed from 0.0254 kg/s to 0.0173 kg/s by adjusting the opening of the fuel control valve to obtain a constant U f . Figure 9 shows the dynamic characteristic of the mean temperature of SOFC after load resistance change. First, less fuel flow rate results in a smaller mean temperature of SOFC, which requires the system to decrease the air flow rate. A control signal from the controller is sent to the load connected to the generator to increase the load resistance and, therewith, the smaller torque and rotational speed, which will decrease the air flow rate, as shown in Fig. 10 and eventually keep the mean temperature at the setpoint value of 1223 K. During this process, there is a small change in the mean temperature in the range of 1203-1226 K, as shown in Fig. 9 . Figure 11 shows clearly how the system responses to the change of load resistance. At 150 s, the load resistance increases from 5.31ϫ 10 7 to 8.5ϫ 10 7 . Accordingly, the current density decreases from 0.33 A / cm 2 to 0.224 A / cm 2 , while the cell voltage increases from 0.553 V to 0.601 V. It is obvious that the response time of the SOFC related variables to reach a steady state after the change occurrence is approximately 10 s. However, it takes around 40 s for the gas turbine related variables such as air flow rate to reach a new steady state, which is slower than the SOFC variables. That is because of the fast readjustment of the electrochemistry reaction and the fast adjustment of the fuel control valve opening to change the fuel flow rate. The slow air flow rate control, on the other hand, is due to the delay in the mechanical structure and thermal response.
Conclusion
The detailed mathematical models of system components ͑SOFC, compressor, and gas turbine͒ have been described and then modeled in the VTB. Based on the developed models, a dynamic hybrid power-plant system with control strategies has been implemented and simulated. The control strategies for system load, Uf, temperature, fuel flow rate, air flow rate, TIT and S/C ratio have been designed and discussed. Two dynamic operation conditions, start-up and part load, are used as two typical • This hybrid system cannot only predict the steady state behavior but also investigate the transient performance under both start-up and part-load operation conditions. • The system start-up can be controlled by an external motor. This motor will be turned off automatically when rotational speed reaches a setpoint value. After that, the compressors will only be powered by a gas turbine. • The main control objective for part-load working condition is to maintain constant fuel utilization and a fairly constant SOFC temperature. Fuel utilization can be controlled by manipulating the current density and fuel flow rate. Mean temperature can be controlled by adjusting the rotational speed and air flow rate. During the control process, both FU value and mean temperature will oscillate a little and at last reach a new steady state. • The gas turbine related variables such as air flow rate respond slower than the SOFC variables. The fast response of SOFC variables is because of the fast readjustment of the electrochemistry reaction and the fast adjustment of the fuel control valve opening to change the fuel flow rate. The slow air flow rate control, on the other hand, is due to the delay in the mechanical structure and thermal response. 
